terminals innervating twitch fibers when depolarized in an solutions, MEPC frequency remained elevated at tonic endplates isotonic K / solution containing high Ca 2/ . MEPC frequency but declined at twitch endplates with a time course similar to was sustained at both twitch and tonic endplates for the that observed in high Ca 2/ . MEPC amplitudes at both endplates duration of depolarization in control Ca 2/ . These results remained constant. We conclude that the regulation of quantal suggested that the intrinsic release properties of nerve termirelease differs in nerve terminals innervating twitch and tonic end-nals innervating twitch and tonic endplates differ. ing the basis for the difference in vesicular release properties of nerve terminals innervating twitch and tonic endplates.
mained elevated for 8 h during depolarization in control Ca 2/ . At and Wilkinson 1987; Lichtman et al. 1985) . Tonic fibers twitch endplates depolarized in the presence of high Ca 2/ , an do not conduct action potentials but rather produce graded increase in MEPC frequency was followed by a progressive de-contractures upon neural stimulation (Lichtman and Wilkin- Spiegel 1990) . Thus the synaptic as well as mechanical the activity-dependent dye FM1-43 was used confired that quantal properties of twitch and tonic muscle fibers contribute to reslease differs at twitch and tonic endplates. Most twitch nerve their functionally different responses to neural stimulation.
terminals were labeled by FM1-43 during prolonged depolarization Presynaptic function also is fundamentally different for with control Ca 2/ or after brief depolarization with high Ca 2/ . In motoneuron terminals innervating twitch and tonic muscle contrast, the number of twitch nerve terminals and the degree to fibers. The quantal content of endplate potentials is higher which they were stained was greatly reduced after prolonged expoat twitch endplates than at tonic endplates (Morgan and sure to high K / and high Ca 2/ , whereas depolarized tonic endplates were well stained by FM1-43 during brief and prolonged Proske 1984) . Furthermore, at tonic endplates, the endplate exposure to high Ca 2/ . FM1-43 staining also revealed variable potential facilitates with repetitive stimulation whereas at levels of quantal release between individual boutons at twitch end-twitch endplates the endplate potential exhibits depression.
plates after prolonged depolarization in high-Ca 2/ solution. The Previously, Coniglio et al. (1993) demonstrated a striking observed reduction in presynaptic function at twitch nerve termi-difference in miniature endplate current (MEPC) frequency nals after prolonged depolarization in high-Ca 2/ solution was re-at snake twitch and tonic endplates during prolonged depoversible and therefore not due to irreversible damage to terminal larization. Specifically, nerve terminals innervating tonic boutons. MEPC frequency increased at both twitch and tonic endmuscle fibers sustained quantal release more effectively than plates when either Sr 2/ or Ba 2/ was substituted for high Ca 2/ during K / -induced depolarization. Over time, in Sr 2/ or Ba 2/ terminals innervating twitch fibers when depolarized in an solutions, MEPC frequency remained elevated at tonic endplates isotonic K / solution containing high Ca 2/ . MEPC frequency but declined at twitch endplates with a time course similar to was sustained at both twitch and tonic endplates for the that observed in high Ca 2/ . MEPC amplitudes at both endplates duration of depolarization in control Ca 2/ . These results remained constant. We conclude that the regulation of quantal suggested that the intrinsic release properties of nerve termirelease differs in nerve terminals innervating twitch and tonic end-nals innervating twitch and tonic endplates differ.
plates and postulate that differential intraterminal accumulation of
The experiments presented here were aimed at determinCa 2/ may underlie the observed difference in presynaptic function.
ing the basis for the difference in vesicular release properties of nerve terminals innervating twitch and tonic endplates.
I N T R O D U C T I O N
This study combines the novel technique of optical imaging of presynaptic function using an activity-dependent dye with Skeletal muscles of the snake contain two classes of fibers, twitch and tonic muscle fibers (Morgan and Proske 1984) . electrophysiological recording. We determined that neither ration. Records of MEPCs were stored on a PCM recorder (Vet- the level of depolarization, a reduced MEPC amplitude, nor ter). the initial MEPC frequency account for the difference in
The frequency of MEPCs as a function of recording time was presynaptic function at twitch and tonic neuromuscular juncestimated from visual inspection of computer traces and this estitions. Further, we used a noninvasive optical assay of presyn-mate approximated quantal release. Determination of MEPC freaptic function to demonstrate that nerve terminals innervat-quencies by visual inspection is limited at high rates of release ing tonic endplates remain functional after prolonged depo-because of overlap of individual events. To increase the efficiency larization in high calcium. Snake tonic muscle fibers are of estimating MEPC frequency, muscle fibers were voltage much smaller than twitch fibers (Dionne and Parsons 1981) , clamped to negative membrane potentials (see above) and MEPCs making them more susceptible to injury during impalement. were displayed with an extended time base to facilitate the identifiMechanical disturbance of motoneuron terminals can stimu-cation of individual event peaks. Under these conditions, MEPC frequencies of õ300 MEPCs per second were readily discerned late bursts of MEPCs (Van der Kloot and Molgo 1994).
and it is likely that frequency estimates were accurate reflections
We eliminated the possibility that the sustained MEPC freof presynaptic activity. At MEPC frequencies of ú300 MEPCs quency at tonic endplates may be artifactual and may result per second, however, the estimated value serves only as an approxifrom mechanical injury rather than a difference in transmitter mation of quantal release. These estimates of high MEPC frerelease properties. The optical assay of presynaptic function quency are likely to underestimate the actual frequency, with the also revealed differential levels of release between subsets error being progressively greater at increasing rates of release. of boutons at individual twitch nerve terminals, an observaAmplitude measurements were made on individual digitized tion not evident with the use of electrophysiological meth-MEPCs with clear rise transitions from baseline to peak with the ods. Finally, we tested the effect of other divalent cations use of the SCAN program (generously provided by Dr. John on depolarization-induced MEPC frequency at twitch and Dempster, University of Strathclyde, Glasgow, Scotland). For retonic endplates to gain insight into the role and specificity cordings from tonic endplates, MEPCs with rapid rise times to peak were selected for amplitude analysis, thus excluding any of Ca 2/ in regulation of MEPC frequency.
MEPCs that may have originated from distant endplates (Dionne and Parsons 1981) . The amplitude distribution of MEPCs recorded
from a given endplate was used to estimate the variation in size of quanta released at that endplate. Experiments were performed on visually identified twitch and tonic muscle fiber endplates in the costocutaneous muscle of garter snakes (Thamnophis) at room temperature (20-23ЊC). Snakes
Optical assay of vesicle release and recycling
were killed by rapid decapitation, and muscle preparations were dissected and pinned in Sylgard-coated plastic dishes. Preparations were initially kept in a normal-Na / solution containing (in mM) Twitch and tonic neuromuscular junctions were visualized by 159 NaCl, 2.5 KCl, 1.0 CaCl 2 , 4.2 MgCl 2 , and 1.0 N-2-hydroxyeth-staining with rhodamine-conjugated peanut agglutinin (PNA; ylpiperazine-N-2-ethanesulfonic acid, pH 7.3 (Coniglio et al. Sigma, St. Louis MO), which marks synaptic and terminal 1993; Connor et al. 1984) . Quantal transmitter release was induced Schwann cell basal laminae (Ko 1987) . Muscle preparations were by exposure to depolarizing solutions in which all or a portion of exposed to PNA (33 mg/ml; dissolved in either normal-Na / soluNaCl was replaced by an equimolar amount of potassium propio-tion or high-K / solution) for 15 min and then rinsed. Optical nate (K / ; 35, 60, and 160 mM) (Coniglio et al. 1993) . Unless estimates of vesicle release and recycling were made with the use otherwise noted, depolarization was produced with a 35 mM K / of potassium-stimulated transmitter release coupled with uptake of solution. All high-K / solutions contained CsCl (5 mM) to facilitate the fluorophore FM1-43 (2 mM; Molecular Probes, Eugene, Orethe voltage clamping of depolarized muscle fibers (Coniglio et al. gon) into recycling synaptic vesicles (Betz and Bewick 1993; Betz 1993; Connor et al. 1984 (Dunaevsky and Connor 1995) . Twitch and tonic neuromuscular junctions, identified by PNA stain (red emisTwitch and tonic muscle fibers were identified with the use of sion filter, ú590 nm), were scored as either uniformly stained, criteria described in detail in previous reports (Coniglio et al. 1993;  partially stained, or unstained by FM1-43 (green emission filter, Connor et al. 1984; Dionne and Parsons 1981) . There are two 520-560 nm). A bouton exhibiting fluorescence above the backsubtypes of twitch fibers in snake muscle: slower-twitch and fasterground level was considered stained. Staining was scored as unitwitch fibers (Wilkinson and Lichtman 1985) . In these experiments form if all boutons of a nerve terminal were stained, whereas a we did not distinguish between twitch fiber type. MEPCs were terminal with at least one but not all boutons stained was scored recorded from twitch or tonic endplates after various lengths of partially stained. For each muscle a percentage of the total number time in high-K / solution with the use of a two-microelectrode of identified twitch or tonic nerve terminals stained by FM1-43 voltage-clamp system (Coniglio et al. 1993; Connor et al. 1984) .
was determined. Some figures were created as montages of neuroWe chose to voltage clamp the muscle fibers to negative membrane muscular junctions imaged at different focal planes. potentials to increase the driving force for MEPCs and thereby
In control experiments we determined that nerve terminals exincrease the signal-to-noise ratio. MEPCs were recorded from posed to FM1-43 in normal-Na / solution were not stained. Further, twitch fibers voltage clamped to 0150 mV, whereas MEPCs from we found that FM1-43-labeled twitch and tonic terminals destained tonic endplates were recorded at 0100 mV because tonic fibers could not be maintained at 0150 mV without muscle fiber deterio-during subsequent depolarization in the absence of dye.
R E S U L T S

MEPC frequency at twitch fiber endplates exposed to high calcium and different external potassium concentrations
We first tested the role of nerve terminal depolarization in the decline in MEPC frequency at depolarized twitch endplates. Previously, exposure to high Ca 2/ during prolonged depolarization with a 160 mM K / solution resulted in an increase in MEPC frequency at twitch endplates, followed by a progressive decline until many endplates were silent (Coniglio et al. 1993 ized when the extracellular K / concentration was raised from 35 to 160 mM (35 mM: 037.2 { 0.7 mV, mean { MEPC amplitude in high-potassium solutions containing SE, n Å 50 muscle fibers; 60 mM: 026.5 { 0.5 mV, n Å control or high calcium 32 fibers; 160 mM: 03.4 { 0.7 mV, n Å 14 fibers).
We determined mean MEPC amplitudes at various times We found a similar pattern of MEPC frequency, an induring exposure to 35 mM K / to test whether the decline crease followed by a progressive decrease, at twitch endin MEPC frequency at twitch endplates in high Ca 2/ was plates when muscle preparations were exposed to high-Ca 2/ due to a decrease in MEPC amplitude. Analysis of mean solutions with K / concentrations ranging from 35 to 160 MEPC amplitude at twitch and tonic endplates during expomM (Fig. 1) . The MEPC frequency decreased along a simisure to high-K / solutions containing control or high Ca 2/ lar time course at different levels of external K / . Thus the demonstrated that MEPC amplitude is unchanged for the progressive decline in quantal release at twitch endplates duration of depolarization (Fig. 5, A and B) . The values occurs over a range of levels of depolarization. The remainof mean MEPC amplitude obtained from individual twitch der of the experiments were performed with the use of a 35 muscle fibers were more variable than those of tonic fibers. mM K / solution because in this solution muscle fibers were Because snake muscle MEPC amplitudes vary as a function less depolarized and easier to voltage clamp to negative of fiber size (Wilkinson et al. 1992) , we attribute this differmembrane potentials.
ence in variability to our selection of larger tonic muscle fibers for impalement, whereas MEPC recordings were obtained from twitch fibers over a wider range of fiber diameCalcium dependence of MEPC frequency at twitch and ters.
tonic endplates in response to depolarization
We also considered that the MEPC amplitude distribution in depolarized preparations was no longer unimodal even We next determined whether the progressive decline in though the mean MEPC amplitude was unchanged. For ex-MEPC frequency in response to depolarization by 35 mM ample, two populations of MEPCs, small and large ampli-K / was dependent on Ca 2/ concentration and muscle fiber tude, could yield a mean MEPC amplitude that is an inaccutype. Exposure to 35 mM K / solution containing control rate indicator of quantal size. This we tested by constructing Ca 2/ resulted in an increase in MEPC frequency at twitch MEPC amplitude histograms for twitch and tonic fiber endfiber endplates that was sustained for prolonged periods plates after a 6-to 8-h exposure to a high-K / solution con-(Figs. 2A and 4A). Depolarization of twitch nerve terminals taining high Ca 2/ . MEPC amplitude histograms remained in the presence of high Ca 2/ resulted initially in a greater essentially unimodal for both twitch ( Fig. 5C ) and tonic MEPC frequency that then declined to Ç50 MEPCs per (data not shown) endplates, although some large-amplitude second (Figs. 2B and 4A). Few or no MEPCs were recorded MEPCs were observed at twitch endplates. Thus, during at many individual twitch endplates after 2 h of depolarizapotassium-induced depolarization in the presence of high tion, whereas at an occasional endplate the MEPC frequency Ca 2/ , the mean MEPC amplitude serves as a good estimate was as high as 100 per second. During high-K / depolarizaof quantal size at both twitch and tonic endplates. tion, MEPC frequency at tonic endplates was also enhanced in the presence of high Ca 2/ compared with control Ca endplates might be an artifact produced by microelectrode impalement. Endplates of smaller tonic muscle fibers are harder to visualize and thus successful impalement with two microelectrodes is more difficult than in twitch fibers. To ensure that the high MEPC frequency observed at tonic endplates was not due to mechanical stimulation, the dye FM1-43, which provides an assay of synaptic vesicle release and recycling, was used to obtain an optical measurement of presynaptic release (Betz et al. 1992) . Presynaptic function at neuromuscular junctions was assessed with FM1-43 during both brief (5 min) and prolonged (8 h) exposure to high-K / solution containing either control Ca 2/ or high Ca 2/ . These preparations were also stained with PNA to identify twitch and tonic neuromuscular junctions. Brief depolarization (5 min high-K / solution containing high Ca 2/ produces a higher imately a third of twitch nerve terminals remained unstained after prolonged high-K / depolarization in the presence of rate of release and resulted in uniform staining of both twitch and tonic nerve terminals (Fig. 6, C and D) . The relative high Ca 2/ (Table 1; Fig. 6, G and H) . Interestingly, at a majority of the twitch nerve terminals labeled by FM1-43, intensity of staining at twitch nerve terminals was greater when terminals were depolarized in the presence of high the staining was nonuniform in that only a subset of boutons was stained, suggesting that the level of quantal release and Ca 2/ compared with control Ca 2/ . Thus this optical assay effectively distinguished between levels of vesicle release vesicle recycling varied among individual boutons (Fig. 6,  I and J). The intensity of FM1-43 stain in these labeled and recycling at snake twitch and tonic neuromuscular junctions, an observation consistent with the estimates of MEPC boutons was often quite strong.
The FM1-43 staining of only a subset of boutons at twitch frequency.
FM1-43 incorporation was next tested at twitch and tonic nerve terminals depolarized for long periods in the presence of high-Ca 2/ solution may indicate that the rate of presynapnerve terminals after prolonged depolarization. An 8-h depolarization in high-K / solution containing control Ca 2/ re-tic release between boutons normally differs. Differential release rates between boutons would be detectable under sulted in uniform staining of most twitch nerve terminals by FM1-43, whereas the majority of tonic nerve terminals was conditions in which presynaptic release is suppressed; boutons releasing at higher rates would be stained by FM1-43, not stained (Table 1 ; Fig. 6, E and F) . After prolonged exposure to high-K / solution containing high Ca 2/ , nearly whereas boutons releasing at rates below the minimum for observing FM1-43 stain would be unstained. To test whether all tonic nerve terminals were stained, indicating that vesicular release was maintained at tonic endplates during pro-presynaptic release rates of boutons at normal twitch nerve terminals are detectably different, we determined the pattern longed depolarization (Fig. 6, G and H) . In contrast, approx-J259-6 / 9k0b$$ja58
09-04-97 20:27:14 neupa LP-Neurophys (Table 2) . As the Ca 2/ concentration decreased, the number of twitch nerve terminals stained by
The initial MEPC frequencies elicited at twitch nerve ter-FM1-43 decreased, as did the relative intensity of stain. At minals by depolarization in the presence of high Ca 2/ exall concentrations of Ca 2/ , nearly all of the twitch nerve ceeded those at tonic nerve terminals (Fig. 4) . To test the terminals stained with FM1-43 were uniformly stained; only possibility that the progressive decline in MEPC frequency rarely was a partially stained nerve terminal observed. These at twitch nerve terminals is a result of a high initial MEPC results suggest that the rate of vesicular release between frequency, we depolarized muscles in the presence of high boutons at normal twitch nerve terminals is not detectably calcium for 30-60 min to elicit high MEPC frequencies. different as measured by FM1-43 incorporation.
Muscles were then depolarized for an additional 6-7 h in To determine the onset and time course of the loss of high-K / and control Ca 2/ solution and presynaptic function uniform staining at individual twitch nerve terminals, we was optically assessed with FM1-43. In two such muscles, assayed presynaptic activity at twitch nerve terminals depo-91% of twitch nerve terminals (30 of 33) were uniformly larized in the presence of high Ca 2/ for different lengths of stained by FM1-43 after 7-8 h of total depolarization. These time. The percentage of twitch nerve terminals uniformly data are similar to those from a muscle depolarized for 7 h stained by FM1-43 gradually decreased with longer periods in the presence of control Ca 2/ ; all twitch nerve terminals of exposure to high-K / and high-Ca 2/ solution (Table 3) . (33 of 33, 1 muscle) were uniformly stained by FM1-43. Conversely, the percentage of twitch nerve terminals par-Muscles depolarized in the presence of control calcium for tially stained by FM1-43 increased with length of depolariza-8 h yielded similar results (Table 1) . These data indicate tion (Table 3) , as did the proportion of unstained terminals. that an initial high-frequency burst of MEPCs alone is not Interestingly, after 1 and 2 h in high-Ca 2/ depolarizing solu-sufficient to bring about the progressive decline in MEPC tion, partially stained twitch nerve terminals had a majority frequency observed at twitch nerve terminals after prolonged of boutons stained by FM1-43, whereas at longer times of depolarization in the presence of Ca 2/ . depolarization (4-8 h), fewer than half of the boutons were stained by FM1-43 at partially stained nerve terminals. At MEPC frequency at twitch fiber endplates depolarized all times of depolarization, a majority of tonic nerve termi-with strontium or barium substituted for high calcium nals was uniformly stained by FM1-43 (Table 3) .
Long-term potassium-induced depolarization has been The observation that MEPC frequency declined at twitch shown previously to produce changes in the ultrastructure endplates after prolonged depolarization in the presence of of nerve terminals that are reversed over several hours in high Ca 2/ but not control Ca 2/ suggests that Ca 2/ might be Na / solution (Coniglio et al. 1993) . We tested whether involved in the time-dependent decrease in quantal release. intraterminal Ca 2/ concentration increases as voltage-depen-tion, MEPC frequency increased and then declined with a time course similar to that observed when preparations were dent Ca 2/ channels open and is likely to be greater in preparations depolarized in the presence of high Ca 2/ . To deter-exposed to high-K / solutions containing high Ca 2/ (Fig.  8A ). This decline in MEPC frequency was unique to twitch mine the role of Ca 2/ and its specificity in the decline of MEPC frequency at depolarized twitch endplates, MEPC fibers in that MEPC frequency at tonic endplates remained elevated during prolonged exposure to high-K / solution confrequency was determined in preparations depolarized by high-K / solution in which Sr 2/ or Ba 2/ were substituted taining either Sr 2/ or Ba 2/ (Fig. 8B ). This MEPC frequency decline at twitch endplates in the presence of Sr 2/ or Ba 2/ for high Ca 2/ . Strontium and barium can permeate voltageactivated Ca 2/ channels and therefore accumulate in nerve was not accompanied by a reduction in mean MEPC amplitude (Fig. 9A) or an altered MEPC amplitude distribution terminals (Hagiwara and Byerly 1981) . At twitch fiber endplates treated with either Sr 2/ or Ba 2/ in the high-K / solu- (Fig. 9, B and C stained by FM1-43. After an 8-h preincubation with depolar-solutions was similar to that observed in high-Ca 2/ solution, izing solution and 3.6 mM Sr 2/ or Ba 2/ , a majority of tonic a larger percentage of nerve terminals was stained at least nerve terminals was uniformly stained by FM1-43. Twitch partially by FM1-43 when exposed to Ca 2/ as compared nerve terminals, however, were mainly unstained by FM1-with Sr 2/ or Ba 2/ . 43, although partial staining was sometimes observed. Al- show that the inability of twitch nerve terminals to sustain high levels of quantal release occurs over a range of external 0 9 7 {3 (9) 1 { 1 (9) 89 { 4 (8) K / concentrations, and is due to neither a time-dependent MEPC release. These results support the hypothesis that 8 8 {6 (9) 54 { 10 (9) 94 { 1 (9) there are intrinsic differences in the presynaptic mechanisms regulating quantal transmitter release in nerve terminals inValues in Average Percentage of Neuromuscular Junctions Stained by nervating snake twitch or tonic endplates. cling continued at high rates in nerve terminals innervating tonic muscle fibers under conditions in which MEPC frequencies had declined greatly at twitch endplates. The combination of electrophysiological and optical measurements of presynaptic function allows an estimation of the sensitivity with which FM1-43 can detect vesicle release and recycling in this system. In general, tonic endplates depolarized with a high-K / solution containing control Ca 2/ had a MEPC frequency of õ50 per second and were unstained by FM1-43. Because many tonic endplates are multiply innervated, the rate of MEPC frequency from an individual terminal is likely to be õ50 per second (Lichtman et al. 1985) . In contrast, under conditions in which twitch and tonic endplates had MEPC frequencies of ¢200 per second, nerve terminals were well stained by FM1-43. The intensity of FM1-43 staining also was an index of the level of MEPC frequency. For instance, nerve terminals innervating twitch endplates were more strongly stained by FM1-43 during a brief depolarization in the presence of high Ca 2/ than during depolarization in the presence of control Ca 2/ . Throughout this paper, the rates of quantal release were expressed as MEPC frequency per endplate. It is also interesting to consider the extent of presynaptic release per bouton given that the number of boutons differs at twitch and tonic neuromuscular junctions. There are roughly 3 times as many boutons at snake twitch neuromuscular junctions than at tonic endplates (Wilkinson and Lichtman 1985) . The resting levels of release at individual twitch and tonic boutons are significantly different with MEPC frequency at twitch nerve terminals (Ç0.4 MEPCs per s) in control calcium solution, Ç10-fold greater than that at tonic nerve terminals (Ç0.03 MEPCs per s) (Coniglio et al. 1993 ). On depolarization, in the presence of control calcium, the MEPC frequency at both twitch and tonic nerve terminals increases Ç1,000-fold. Taking bouton estimates per endplate of 60 for twitch nerve terminals and 20 for tonic nerve terminals, the release rate per bouton at rest and during potassium stimulation is less at tonic boutons than at twitch boutons. This is consistent with our observations that tonic boutons were unstained by FIG properties of nerve terminals at twitch endplates not attainable with electrophysiological recording. During brief depowhich mean MEPC amplitudes were progressively reduced larization of twitch nerve terminals with high-K / solution when nerve terminals were depolarized in a 160 mM K / containing either control or high Ca 2/ , all boutons were solution containing high Ca 2/ (Coniglio et al. 1993) . We similarly stained by FM1-43, suggesting that roughly equivapropose that the differing results reflect differences in experi-lent numbers of quanta were being released from each boumental conditions. In Coniglio et al. (1993) , muscle prepara-ton. This was confirmed in preparations in which quantal tions were maintained in isotonic potassium so that nerve release was reduced by lowering the external Ca 2/ concenterminals were depolarized to Ç0 mV. In the present study, tration. After prolonged exposure to a high-K / solution conmuscles were maintained in 35 mM potassium, so the extent taining high Ca 2/ , the partial pattern of FM1-43 staining of of nerve terminal depolarization was likely to be significantly twitch endplates indicated that quantal release was no longer less. We suggest that the progressive decrease in MEPC uniform among individual boutons at these twitch terminals, amplitude observed in preparations in isotonic potassium suggesting that the signal for the decline in quantal release resulted from a reduction in vesicle filling, and further that may be local, thus allowing individual boutons within a processes regulating vesicle filling may be affected by both given terminal to respond independently. the extent and duration of membrane depolarization. strated that both divalent cations can stimulate quantal re-ential release observed between tonic and twitch nerve terminals, one would like to know the mechanism by which callease at potassium-depolarized twitch and tonic endplates. Both Sr 2/ and Ba 2/ are permeable through voltage-gated cium might act to selectively depress presynaptic release in twitch nerve terminals. During nerve terminal depolarizaCa 2/ channels (Hagiwara and Byerly 1981) . Although not as effective as Ca 2/ , Sr 2/ supports neurally evoked transmit-tion, Ca 2/ influx through voltage-gated Ca 2/ channels raises intraterminal Ca 2/ levels. The observed difference in presynter release at neuromuscular junctions (Miledi 1966; Silinsky et al. 1995) . Barium, under some conditions, supports aptic function between twitch and tonic nerve terminals could result from differing levels of Ca 2/ influx during depotransmitter release from motor nerve terminals; it activates the posttetanic rise in MEPC frequency but fails to support larization. Intraterminal Ca 2/ levels during depolarization might be markedly less in tonic than in twitch nerve termievoked release (Quastel and Saint 1988; Silinsky 1977 Silinsky , 1978 Van der Kloot and Molgo 1994) . These experiments nals because there are fewer Ca 2/ channels in active zones of tonic nerve terminals compared with twitch terminals also demonstrated that during prolonged depolarization in the presence of Sr 2/ or Ba 2/ , presynaptic release at twitch (Walrond and Reese 1985) . One possible effect of prolonged exposure to high-K / endplates was not sustained, whereas an elevated MEPC frequency and FM1-43 staining persisted at tonic endplates. and high-Ca 2/ solutions is that twitch nerve terminals are irreversibly damaged as a consequence of prolonged calcium These results suggest that the process governing the progressive decline in MEPC frequency at twitch but not tonic entry. Indeed, Coniglio et al. (1993) found that long-term depolarization of nerve terminals by exposure to 160 mM endplates is not Ca 2/ specific and can be supported by other divalent cations that have Ca 2/ -like properties. K / in the presence of both control and high Ca 2/ levels resulted in ultrastructural changes including loss of synaptic Because it is likely that calcium plays a role in the differ- physiological implications of the differences in twitch and tonic nerve terminal properties. Twitch nerve terminals control phasic motor units and therefore a large amount of neuvesicles, mitochondrial swelling, and appearance of intramembranous inclusions. The results reported here indicate rotransmitter is released to ensure the generation of a suprathreshold endplate potential. In contrast, tonic fibers are dethat twitch nerve terminals recovered presynaptic function after muscles were returned to normal-Na / solution after signed to maintain neurally evoked contractures for prolonged periods. In this case, neurotransmitter release may prolonged depolarization. Thus the failure of twitch nerve terminals to release neurotransmitter during prolonged depo-not need to be massive but must be sustained for prolonged periods. We postulate that a critical level of intraterminal larization is not due to irreversible damage to nerve terminal boutons.
Ca 2/ in twitch nerve terminals may be a factor promoting the progressive decline in quantal release. Future studies More likely is the possibility that the elevated intraterminal calcium level in twitch nerve terminals suppresses the comparing the type and distribution of Ca 2/ channels and the dynamics of intraterminal Ca 2/ accumulation during release process itself. Two sites of calcium action are the vesicular release mechanism and the vesicle membrane recy-stimulation of nerve terminals innervating twitch and tonic muscle fibers may determine the mechanism underlying the cling mechanism. The primary effect of an increase in intraterminal Ca 2/ concentration is stimulation of quantal release. observed difference in presynaptic function reported here. Finally, we have demonstrated that the use of FM1-43 as an As intraterminal Ca 2/ continues to rise, vesicle membrane endocytosis can become inhibited (von Gersdorff and Mat-optical assay of presynaptic release provides additional insight into the dynamics of presynaptic function between bouthews 1994). Thus an elevated intraterminal Ca 2/ concentration would result in suppression of presynaptic function as tons at individual neuromuscular junctions. a consequence of the combined stimulation of vesicle release times be mechanically elicited from silent twitch endplates Neurosci. 12: 363-375, 1992. either by stretching the nerve or impaling the nerve terminal CONIGLIO, L. M., HARDWICK, J. C., AND PARSONS, R. L. Quantal transmitter (Parsons and Griffiths, unpublished observations). We sugrelease at snake twitch and tonic muscle fibres during prolonged nerve terminal depolarization. J. Physiol. Lond. 466: 383-403, 1993. gest that both mechanisms, inactivation of the release pro- 
